Complete thoracic spinal cord transection (SCT) impairs excitatory cholinergic inputs to ankle extensor (soleus; Sol) but not to flexor (tibialis anterior; TA) a-motoneurons (MNs) modifiable by locomotor training applied post-transection. The purpose of this study was to investigate whether Sol and TA MNs adapt to changes in cholinergic environment by differential regulation of their muscarinic receptors M2 (M2R). We examined Chrm2 (M2R gene) H-QNB, tritiated quinuclidinyl benzilate, high affinity muscarinic receptor antagonist; ACh, acetylcholine; AHP, afterhyperpolarization; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; C boutons, large cholinergic synaptic terminals apposing a-motoneurons; Chrm2, muscarinic receptor gene; DL, dorso-lateral group of motor nuclei; DY, diamidino yellow retrograde tracer; ES, extrasynaptic membrane region devoid of C bouton; FB, fast blue retrograde tracer; IF, immunofluorescence; M2R, muscarinic receptor subtype 2; mAChR, muscarinic acetylcholine receptor (all subtypes); mBBB, modified Basso-Beattie-Bresnahan scale; MG, medial group of motor nuclei; MN, a-motoneuron of spinal cord; NMDAR, N-methyl-D-aspartate receptor; PBS, phosphate-buffered saline; PBST, phosphate-buffered saline + 0.1% Triton; SCT, complete spinal cord transection; Sol, soleus muscle, ankle extensor; SpLoc, spinal, trained rats; SP, spinal rats; S, synaptic membrane region occupied by C-bouton; TA, tibialis anterior muscle, ankle flexor; VAChT, vesicular acetylcholine transporter.
excitability, important in regulating MN output and control of locomotor performance (Huang et al. 2000; Miles et al. 2007; Zagoraiou et al. 2009 ). These properties make cholinergic transmission in MNs a potential target in therapy aimed at restoring motor function after spinal cord injury.
We have shown that 6 weeks following a complete spinal cord transection performed at low thoracic segments the number of C-boutons is markedly decreased on MNs innervating hindlimb extensor (Soleus-Sol), but not on MNs innervating flexor (Tibialis anterior-TA) muscles operating in the ankle joint (Skup et al. 2012) . In parallel, the expression of the vesicular acetylcholine transporter protein (VAChT-IR) tends to decrease in dorso-lateral and medial group of motor nuclei, where predominant pools of TA and Sol MNs, respectively, are located (Skup et al. 2012) . A differential response of Sol and TA MN inputs accompanied by a decrease in VAChT, which is responsible for acetylcholine (ACh) loading and quantal release, is suggestive of reduced strength of cholinergic signaling in the areas corresponding to location of Sol and TA MNs. The loss of C-boutons abutting on Sol MNs is reduced after long-term locomotor training, which also tends to increase the number of C-boutons abutting on TA MNs above control levels (Skup et al. 2012 ).
Jordan and collaborators have shown that reduced inputs to MNs after spinalization convert into a hyper-cholinergic state, described at 1-2 weeks in cats, and at 10 post-lesion weeks in rats (Jordan et al. 2014) . Moreover, whereas carbachol administered to spinal rats causes immediate cessation of treadmill locomotion induced by tail pinching, a subsequent application of atropine reverses this effect (Jordan et al. 2014) . These observations raise a functionally important question regarding the molecular basis of maladaptive changes, which develop postsynaptically in the MN pools after spinalization. Whether an increase in expression and binding properties of muscarinic cholinergic receptors in the lumbar network contribute to increased cholinergic signaling in the circuitry and to MNs excitability is currently unknown and represents a conceptually important question to address.
The major cholinergic receptor present in the rat spinal cord is the muscarinic cholinergic receptor subtype 2 (M2R) (Perry et al. 1989; Vilaro et al. 1992; Hoglund and Baghdoyan 1997; Chen et al. 2005) . In the ventral horn the M2 receptors are associated mostly with MN pools (Yung and Lo 1997) , where M2R is the predominant subtype. There is substantial evidence that in the hindlimb MNs M2Rs mediate signaling from spinal V0 C cholinergic C-boutons. C-bouton synapse is anatomically characterized (Conradi 1969; Hellstrom et al. 2003; Wilson et al. 2004) , with highly organized postsynaptic structure formed by clusters of M2 receptors interdigitated with small conductance calciumactivated potassium channels (SK2/SK3) and voltage-gated potassium Kv2.1 channels (Muennich and Fyffe 2004; Deardorff et al. 2013 ). Miles and collaborators and Zagoraiou and collaborators demonstrated the mechanism underlying modulation of MN excitability, based on reducing M2R-mediated SK2/SK3 conduction and the post-spike after hyperpolarization (AHP) (Miles et al. 2007; Zagoraiou et al. 2009 ). The duration of the AHP following a single action potential, close to that of muscle twitch, differs between MNs, and is correlated with the type of muscle fiber innervated by that particular MN (Bakels and Kernell 1993) . It remains to be explored whether membrane availability and intracellular abundance of M2R after spinalization differ between Sol and TA MNs. This question is particularly pertinent for showing how cholinergic signaling to functionally distinct MNs pools diverges after spinalization and elucidating the mechanisms by which distinctions in their excitability emerge.
M2R immunoparticles were found along the surface of the plasma membrane of some large MN somata including Sol MNs (Welton et al. 1999; Hellstrom et al. 2003) , therefore it is likely that synaptic, but also extrasynaptic tuning contributes to cholinergic modulation of MNs. Extrasynaptic receptors are positioned to sense ambient ACh released from cholinergic varicosities at variable distances (Agnati et al. 2010; Vizi et al. 2010) and were found necessary to enhance the synaptic efficacy and excitability (Bernard et al. 1998; Chan et al. 2013) .
In this work, we show using real-time qRT PCR intersectionally with high-affinity 3-quinuclidinyl benzilate-3 H ([ 3 H]QNB) muscarinic receptor ligand binding, immunohistochemistry, and 3D confocal image analysis, that early (second week) decrease in Chrm2 (M2R gene) transcript in the lumbar spinal cord is accompanied by reduced ligand binding in the L3-6 ventral horn, where extensor Sol and GL MNs are located, persisting there until the sixth week. Ligand binding differences between the L3-4 and L5-6 segments are paralleled at that chronic period by higher density of M2R immunolabeling in the plasma membrane and cytoplasm of TA than of Sol MNs. When compared to spinal non-trained animals, 5-week treadmill training normalized the pattern of synaptic and cytoplasmic enrichment in M2R in TA MNs but not in Sol MNs, improved locomotion, and reduced the frequency of clonic episodes. Together, our findings indicate that after SCT, TA MNs reveal higher potential to respond to cholinergic signaling than Sol MNs. The differential enrichment in synaptic M2R and increased cytoplasmic M2R content after SCT may reflect a common compensatory mechanism activated to different extent in TA and Sol MNs in response to reduced strength of cholinergic signaling. This disequilibrium, which promotes excitability of TA MNs may contribute to generation of clonic movements after SCT.
Materials and methods

Animals
The study has been performed on 54 adult male Wistar rats weighing on arrival 230-290 g. Animals were outbred colony (International Laboratory Code Registry: Cmdb:Wi) of the Wistar rats (RRID_RGD_13508588) supplied by Medical University of Bialystok, Poland.
The animals were bred in the animal house of the Nencki Institute of Experimental Biology in Warsaw, with free access to water and pellet food, under standard humidity and temperature conditions, at a 12 h light-dark cycle. Rats were initially housed in groups of 4-6 and following surgery they were housed individually. Experimental protocols involving animals, their surgery and care were approved by the First Local Ethics Committee in Warsaw (no 535/2014 and 782/2015) and were in compliance with the guidelines of the European Community Council Directive 2010/ 63/UE of 22 September 2010 on protection of animals used for scientific purposes.
Animals were divided into three experiments (no randomization procedure was performed) (see Fig. 1 .).
Experiment 1
Muscarinic m2 receptor (Chrm2) gene expression in the L1-2 and L3-6 lumbar segments of the spinal cord was investigated in the second week (11 days) after spinalization.
Experiment 2 High-affinity [
3 H]QNB binding to muscarinic receptors in the L3-4 and L5-6 lumbar segments of the spinal cord was investigated in the second (11 days) week and at 5 weeks after spinalization.
Experiment 3
Distribution of muscarinic receptor 2 (M2R) immunolabeling in flexor (TA) and extensor (Sol) MNs was investigated at 6 weeks after spinalization and locomotor training. The material used in this experiment was complementary to that utilized by us in an investigation of changes in cholinergic innervation of MNs (Skup et al. 2012) .
subcutaneous injection of Butomidor (butorfanolum, 1.5 mg/300 g b.w.; Richter Pharma, Wels, Austria) as an analgesic premedication and then were anesthetized with isoflurane (1-2.5% in oxygen; Baxter, Lessines, Belgium) via a facemask. This procedure is advised and generally accepted in this type of surgery by scientific and veterinary community. The skin overlaying selected muscles was shaved and disinfected with 3% hydrogen peroxide at the incision sites over the bellies of the TA and Sol muscles. Fluorescent tracers were injected intramuscularly to label MNs innervating Sol and TA muscles 2 weeks before spinal cord transection. The right Sol muscle was injected with 5 lL of 3% diamidino yellow (SigmaAldrich, St. Louis, MO, USA; cat no D0281) and the left TA muscle with 15 lL of 5% fast blue (Polyscience, Warrington, PA, USA; cat no 17740-5). Both tracers were diluted in 2% dimethyl sulfoxide (Sigma-Aldrich; cat no 8418) in 0.9% NaCl solution. The position of the needle in the muscle belly was carefully inspected throughout with the use of magnifying glasses. Injection lasted 5 min; the needle was left in the muscle for at least 3 min after the injection was completed in order to avoid leakage of the tracer. The injection site was cleaned and the skin sutured. The analgesic Tolfedine (tolfenamic acid 4%, 4 mg/kg, s.c.; Vetoquinol, Lure Cedex, France) was given during three postoperative days.
Spinal cord transection
Thirty eight rats were spinalized at low thoracic segments under aseptic conditions. The caudal thoracic vertebrae were exposed by incision of the skin and muscles with a fine scalpel. The vertebrae were stabilized by insertion of hooks into the connective tissue and muscles around the incision. A laminectomy was performed at the level of T9/10 vertebrae. The dura was opened and lignocainum hydrochloricum (2%; Astra Zeneca AB, Sodertalje, Sweden) was applied to the surface of the spinal cord. The cord was then completely transected using surgical scissors and the gap between the rostral and caudal ends was enlarged by aspiration to approximately 1 mm, washed with warm 0.9% NaCl (approximately 36°C) and dried with absorbable cellulose. The tissue surrounding the lesion area was closed with surgical sutures and the skin over the wound was closed with stainless steel staples. After the surgery Baytril (enrofloxacinum 5 mg/kg; Bayer GmbH, Leverkusen, Germany) was administered for five consecutive days to prevent infection. The analgesic Tolfedine was given during the first three postoperative days. Immediately after the surgery, the rats were placed individually in warm cages, and inspected until fully awaken. The animals were attended for general inspection, cleaning of their body and for manual bladder expression twice daily. The animals exhibited no significant health problems for weeks after spinalization except for occasional bladder bleeding during the initial post-surgery days. Spontaneous micturition returned in the second post-surgery week.
Locomotor training
All rats used in Exp. 3 had been accustomed to quadrupedal walking on a motor driven treadmill belt (LSi Letica Scientific Instruments, Barcelona, Spain, model LE8706, serial number 7654/03) at a speed of 0.05 m/s for 5 min periods twice a day during a week preceding the spinalization. After 1 week of post-surgery recovery period, eight spinal rats started 5 weeks of training, carried out 5 days a week, at a speed of treadmill belt between 0.05 and 0.07 m/s. In spinal rats the hindlimb locomotor movements were tested while their forelimbs and rostral trunk were placed on the platform located 1 cm above the treadmill belt. Proper position of the trunk on the platform was secured by the experimenter holding the animal's body. To elicit locomotor movements in spinal rats tactile/light pressure of the proximal part of the tail was delivered manually by the experimenter. The daily training consisted of 6-7 walking sessions, lasting approximately 3 min each, separated by 30 min rest in the home cages. The non-trained animals accompanied the trained rats during their daily training in the experimental room. Spinal non-trained rats were left without motor exercise except for 1 day of testing during the fifth week. Analysis of locomotion was performed blindly. The BassoBeattie-Bresnahan (BBB) scale, modified (mBBB) by Antri and coAuthors (Antri et al. 2002) for evaluation of treadmill locomotion in spinal animals was utilized. A score 22 at level 4 on mBBB scale has been ascribed to the locomotion of intact rat. The locomotion was evaluated off-line by two independent observers, watching the 3 min periods of locomotion recorded by means of Panasonic VHD 5100 video camera at 25 frames per second. The following aspects of the hindlimb movements were evaluated at slow-motion video: total number of step cycles, the number of left/right alternative hindlimb movements, number of steps with the plantar foot placement, the number of steps with body weight support, rhythmicity, and amplitude of movements. In addition, the number of clonic movements was evaluated during 3 min lasting treadmill walking session recorded during the last days of observation.
Tissue processing for real-time qRT-PCR Rats were deeply anesthetized with a lethal dose of Morbital (pentobarbital; 120 mg/kg body weight, intraperitoneal; Biowet Puławy Sp. z o.o, Puławy, Poland) and perfused transcardially with ice-cold saline. Lumbar spinal cord divided into L1-2 and L3-6 segments was dissected immediately in a cold room, frozen on dry ice, and stored at À80°C until homogenization. RNA was isolated using Quick-RNA MiniPrep TM kit (Zymo Research Corporation, Irvine, CA, USA; cat no R1055) according to the manufacturer's protocol, involving in-column DNase I treatment (Roche Applied Science, Indianapolis, IN, USA; cat no 04) to remove trace DNA. After RNA isolation, the concentration and purity of RNA samples were assessed with spectrophotometry. Total RNA (~1 lg) was converted into complementary DNA (cDNA). Transcriptor First Strand cDNA Synthesis Kit reagents (Roche Applied Science; cat no 04897030001) and random hexamer primers were used according to the manufacturer's protocol. Reverse transcription was performed by incubation at 25°C (10 min), then at 50°C for 1 h, followed by reverse transcriptase enzyme denaturation at 85°C (5 min). Gene expression level was analyzed by RT-qRT The vertebral column was excised, placed on ice, spinal cord was removed in a cold room and frozen on dry ice. Sections from the ventral horns of the middle (L3-L4) and lower (L5-6) lumbar segments were collected, frozen, and kept at À80°C until analysis. Each sample was homogenized in 20 volumes of ice-cold 0.32 M sucrose in an Ultra Turrax T8 homogenizer (IKA-Werke GmbH, Staufen, Germany). The whole homogenate was used for the ligand binding assay. Yamamura and Snyder (1974) with modifications by Kobayashi et al (1978) was used. Briefly, 50 lL of homogenate (final concentration 20 mg/mL) was incubated at 37°C with 130 lL of 0.05 M sodium-potassium (Na-K) phosphate buffer, pH 7.4 and 20 lL of [ . After a 45 min incubation 5 mL of ice-cold Na-K phosphate buffer were added and the contents were passed through a glass filter (GF/B, Whatman; Sigma Aldrich; cat no WHA1821025) positioned over a vacuum manifold (EMD Milipore; Darmstadt, Germany; cat no M2536). The filters were washed two times under vacuum with 5 mL of ice-cold buffer. Each determination of binding was performed in triplicate, together with triplicate samples containing atropine (10 lL, final concentration 1 lM; Atropine sulfate salt monohydrate; Sigma Aldrich; cat no A0257). The filters were placed in vials and dried overnight. After addition of 10 mL of scintillation mixture (0.4% PPO; Carl Roth, Karlsruhe, Germany; cat no 3689, 0.02% POPOP; Carl Roth; cat no 3210, 1% Triton X-100; Sigma Aldrich; cat no X100, in toluene; POCH, Gliwice, Poland) radioactivity was assayed by liquid scintillation spectrometry (LS 6500, Beckman Coulter Analytical Instrument Systems Development Center, Fullerton, CA, USA), at a counting efficiency of approximately 42%.
Specific binding was calculated by subtracting counts in atropine samples from the total number of counts in samples without atropine, and expressed in fmoles of bound [ 
Protein assay
Protein concentration in the samples was determined by the Bradford microprotein assay (Bradford 1976 ) with bovine serum albumin as a standard. Briefly, protein solution containing 1-10 pg protein in a volume up to 0.1 mL was pipetted into test tubes in triplicates. The volume of the test tubes was adjusted to 0.1 mL with dH 2 0. One milliliter of protein reagent was added to the test tube and the contents mixed as in the standard method. Absorbance at 595 nm was measured in a Biospectrometer device (cat no 6135000009; Eppendorf, Hamburg, Germany) as in the standard method, except in 1 mL cuvettes against a reagent blank prepared from 0.1 mL of dH 2 0 and 1 mL of protein reagent. Standard curves were prepared and used as in the standard method. The regression coefficient to determine linearity of the curve was calculated.
Tissue processing for immunofluorescence Two hours after the last training session, the animals were anesthetized with lethal doses of Morbital and subjected to transcardial perfusion with 200 mL 0.01 M phosphate-buffered saline (PBS), pH 7.4, at 25°C, and subsequently, with 450 mL icecold fixative (4% paraformaldehyde (PFA) in 0.1 M phosphate buffer; PB). Spinal cords were removed from the vertebral columns and were postfixed in the same fixative overnight at 4°C. Tissue was then cryoprotected stepwise overnight in 10, 20, and 30% sucrose in 0.1 M PB at 4°C. The lumbar spinal segments were frozen in precooled heptane at À70°C, placed on tissue holders, surrounded by Jung tissue-freezing medium (Leica, Nussloch, Germany; cat no 14020108926), and cut into 25 lm transverse sections on the cryostat. Free-floating slices were kept at À20°C in an antifreeze solution (150 g of sucrose, 300 mL of glycerol, 500 mL of 0.05 M PB pH 7.4, 90 mg of thimerosal (Sigma-Aldrich; cat no T5125).
Double immunofluorescence
Sections from the L3-L5 spinal segments were washed in PBST (PBS +0.2% Triton X-100 (Sigma-Aldrich; cat no X100)) and incubated with a solution of 5% normal goat serum (PAA Laboratories, Linz, Austria) in PBS for 30 min at 25°C, in order to block nonspecific binding of antibodies. In the next step, the sections were incubated overnight at 4°C with rat anti-M2 (1 : 1000; Merck-Millipore; cat no MAB367, RRID: AB_94952) combined with rabbit anti-VAChT (1 : 1000; Merck-Millipore Darmstadt, Germany; cat no V5387, RRID: AB_261875) antibodies diluted with 1% normal goat serum solution in PBS. The sections were then rinsed in PBST prior to 1 h incubation at 25°C with the respective secondary antibodies: biotinylated goat anti-rat (1 : 2000; Jackson Immuno-Research, West Grove, PA, USA; cat no 112065006, RRID: AB_ 2338169) and DyLight 488 conjugated goat anti-rabbit (1 : 200; Invitrogen, Carlsbad, CA, USA; cat no 711546152, RRID: AB_2340619). After washing, the sections were incubated with Streptavidin Alexa Fluor 594 (1 : 4000; Molecular Probes, Eugene, OR, USA; cat no S11227, RRID: AB_2313574) for 30 min at 25°C. After several washes, the sections were mounted onto glass slides, air-dried, mounted in anti-fading medium containing 0.1 M Tris-HCl buffer (pH 8.5), 20% glycerol, 10% Mowiol (Sigma-Aldrich; cat no 81381), and 2.5% 1,4-diazabicyclo[2,2,2]octane (Sigma-Aldrich; cat no D2522), and kept in darkness at 4°C until analysis. Parallel incubations and processing of sections with omission of the primary antibodies produced no labeling. The specific binding of the anti-M2R antibody is illustrated in Fig. 2 .
Image acquisition and deconvolution
Retrogradely traced MNs, immunolabeled M2 receptors and Cboutons apposing to MNs surfaces were examined and their images were captured with a Zeiss 780 confocal microscope (Carl Zeiss, Jena, Germany), using a HCX PL APO 639/1.4 Oil CS UV oil-immersion objective lens. Z-stacks of 16-bit images consisted of optical slices collected at 0.21 lm intervals with a pixel size of 0.0549 lm. Images were acquired at constant exposure parameters for each of the three channels. For the analysis of M2R cellular distribution, measurements of the line profiles of M2R and VAChT intensity were performed (Fig. 3; Figures S1 and S2) .
Based on line profiles of M2R immunofluorescence (IF) and VAChT IF, where (i) a steep decrease in VAChT signal in membrane regions devoid of C-boutons (ES) marked the border between the cytoplasm and membrane, and (ii) a steep increase in VAChT in membrane regions contacting C-boutons (S) marked the border between the pre-and postsynaptic membrane, we defined the membrane region of interest. For the analysis of M2R distribution in the plasma membrane only profiles of MNs containing fast blue or diamidino yellow tracer and visible cell nuclei were taken into account, outlined, and examined. The number of optical slices per one MN was between 28 and 29 (Control Groups), and 21-25 (Spinal (Sp) and Spinal trained (SpLoc) Groups). The number of identified TA and Sol MNs accepted for the analysis is shown in Table 1 .
Z-stacks of images from the channel capturing M2 receptor signal were subjected to deconvolution procedure using Huygens Professional (Scientific Volume Imaging, Hilversum, Netherlands) to reduce image distortion arising from light scattering. Based on a random set of images, an experimentally blind rater empirically determined parameters of the deconvolution algorithm (signal/noise ratio, background correction, number of iterations) to yield maximal resolution for each antibody.
Quantification and data analysis
To analyze the M2 receptor protein expression in TA and Sol MNs, we measured pixel density of M2R IF signal. Image-Pro Premier 3D (ver 9.1; Media Cybernetics, Rockville, MD, USA) software was used to create three-dimensional (3-D) masks and reconstructions of the signal, and to analyze the data.
Quantification of M2R IF signal density in the plasma membrane region To render a detailed surface of MNs, their 3-D masks were created based on IF signal of VAChT (Fig. 4a , green channel) detected in the cell. The threshold values were experimentally determined providing the best fit. A 3-D mask reflecting the whole VAChT signal detected in the field (Fig. 4b ) was reduced to a 3-D mask of MN, shown for the reconstructed cell fragment in Fig. 4(c) . The space occupied by the cell nucleus, devoid of VAChT IF, was artificially filled. From this selection, the area and volume of the cell body were calculated. At the second step, the 3-D region of interest corresponding to the plasma membrane region was created by expanding 1 lm outside and 0.7 lm inside the contour of VAChT cytoplasmic signal (Fig. 4d) . With this approach M2R signal consists of the membrane (1 lm) and submembrane (0.7 lm) components, which for this study will be defined as the plasma membrane region.
Next, the 3-D mask of automatically detected C-boutons apposing to 3-D cell mask was reconstructed (Fig. 4e) . We eliminated objects smaller than 5 lm 3 . Such volume threshold of C-boutons was adopted from the studies by (Conradi et al. 1979 ) and (Ichiyama et al. 2006) and was used in our previous study (Skup et al. 2012) .
In the regions spread between the C-boutons, referred to later on as ES regions and those facing C-boutons (created by expanding outside 0.7 and 1 lm inside the contour of C-bouton mask) referred to later on as synaptic regions (S), 3-D reconstruction of M2R IF clusters was performed. This was done by thresholding of the IF signal with constant parameters within a range from 8000 (background subtraction) to 65536 pixels (the maximum of gray scale for 16-bit images). M2R immunolabeling in the analyzed regions was automatically calculated by dividing a sum of integrated optical density of extracted M2R IF clusters, obtained for each C-bouton separately, by its region of interest area. The ratios of M2R distribution between the S and ES parts were calculated to verify a hypothesis on translocation of M2R in the membrane compartment of TA and Sol MNs. Data are presented as means AE SD.
Quantification of M2R IF signal density in the cytoplasm
To examine the intensity of the M2R IF signal in the cytoplasm, six optical sections (acquired in Z-axis) per MN after manual cut-off of the nucleus and plasma membrane areas were subjected to measurements and the obtained data were averaged. Three to six animals per experimental group (10-14 TA and Sol MNs) were analyzed. Data are presented as means AE SD.
Statistical analysis
For determining experimental group size we used previous results obtained in the laboratory on the same animal model and verified statistically by online calculator http://biomath.info/power/ (Festing 2006). The primary parameter for sample size calculation was 'change in the number of C-boutons after SCT' versus 'control' (assumptions: at least 20% change, SD = 10% of mean, power: 0.8, a = 0.05 with t-test).
Three animals that had insufficient intensity of MNs tracing were excluded from further analysis as outlined in detail in the Table 1 . The Grubbs test of outliers https://www.graphpad.com/ quickcalcs/ Grubbs1.cfm was carried out for all data. Based on that test, data obtained for Chrm2 gene expression in one rat (L1-2 level) were discarded.
The STATISTICA 13.1 software (StatSoft Inc, Tulsa, OK, USA) was used to analyze data. The following tests were used: the Shapiro-Wilk test to verify normality of distribution of all data; the Bartlett's test to verify homogeneity of variance in the experimental groups; two-way ANOVA followed by HSD Tukey's post hoc test or a generalization of HSD Tukey (Spjotvoll & Stoline) for unequal sample sizes. Mann-Whitney U-test was used if the assumption of the normality of distribution or homogeneity of variances was violated. Spearman's rank correlation coefficient was calculated for behavioral data.
The study was not pre-registered.
Results
Assessment of the quality of locomotion Hardly any locomotor movements of the hindlimbs were seen during first 8-10 days after complete transection of the spinal cord (SCT) at low-thoracic segments (Th9/10). A detailed description of the progress of locomotion was given in our earlier papers (Macias et al. 2009; Skup et al. 2012 ). Five weeks after complete spinal cord transection the nontrained animals were unable to walk on both hindlimbs on a moving treadmill. Usually the animals performed irregular alternating movements with the feet dragged on their dorsum. Evaluation of treadmill locomotor movements in this group performed by means of mBBB scale (Antri et al. 2002) 5 weeks after spinalization showed that mBBB scores varied between 1 and 5 (level1/2) with median value 3.25. Five weeks of treadmill training improved locomotion of spinal animals and mBBB scores in this group were significantly higher than those in spinal non-trained group (p = 0.001, Mann-Whitney U-test). Median value of the mBBB score reached by trained animals was 11.5 (level 4) with the highest ones equal to 13 and the lowest (one animal) equal to 5 (level 2). The animals frequently performed alternating step-cycles with plantar feet placement and occasional body-weight support (for the comparison of the % of alternating bipedal step-cycles of hindlimbs during treadmill walking in non-trained and trained rats see Fig. 3 , Skup et al. 2012) . However, we observed also dragging the foot on the dorsum and only one hindlimb clearing the surface of the treadmill until the end of the experiment. Episodes of clonic movements of the hindlimbs accompanied locomotion in both groups of spinal rats but their frequency was higher in non-trained (every 20 s) than in trained animals (every 31 s, median values). To verify whether reduced incidence of clonic episodes is more pronounced in better walking animals we applied correlation analysis which showed inverse correlation between the mBBB score and the frequency of episodes of clonic movements only in the non-trained group (Spearman correlation coefficient, R = 0.743, p = 0.035). In trained animals this relation was more diversified.
Altogether, 5 weeks of locomotor treadmill training of spinal animals clearly improved their hindlimb locomotion and reduced the frequency of clonic episodes when compared with spinal non-trained animals. However, after 5 weeks of training, locomotion of animals was still far below that of intact rats.
Chm2r (M2R) gene expression in early time after SCT
To investigate whether neurons of the lumbar network respond to changes in cholinergic environment by regulation of their muscarinic receptors M2 (M2R) at the level of gene expression, at first we measured levels of Chm2r (M2R gene) transcripts in the control (intact; n = 5) and spinal (n = 5-7) rats. In the intact rats mRNA level of M2R receptor in the lumbar L1-2 segments and L3-6 segments amounted to 0.012 AE 0.006 and 0.011 AE 0.001 (relative mRNA expression; means AE SD), respectively. At the second week after SCT the level of Chm2r transcripts was markedly decreased in the L1-2 segments to 0.006 AE 0.001 (MannWhitney U-test, significantly different from intact; p = 0.012) and in the L3-6 segments to 0.007 AE 0.002 (Mann-Whitney U-test, significantly different from the intact; p = 0.014).
High-affinity [
3 H]QNB muscarinic receptor binding in early and late time after SCT Next, we investigated whether neurons of the ventral horn network respond to changes in cholinergic environment by regulation of the muscarinic receptor binding properties. In the intact rats [ 3 H]QNB binding, which reflects properties of all mAChR, amounted to 222 AE 27 fmoles/mg prot., and 281 AE 61 fmol/mg prot. in the ventral horn of the L3-4 and L5-6 segments, respectively (Fig. 5) . Spinal cord transection led to a significant decrease in receptor binding (two-way ANOVA: significant differences between animal Groups and spinal segments: F (2,32) = 9.56, p < 0.0006). The level of receptor binding did not change in the L3-4 segments, where flexor TA MNs are located. On the contrary, at the second week after SCT the level of receptor binding decreased by 27% in the L5-6 segments, where extensor Sol and GL MNs are located (HSD Tukey post hoc test, Sp significantly different from the Control, p = 0.022). The decrease reached 35% of controls at the fifth week (HSD Tukey post hoc test; Sp significantly different from Control, p < 0.005; the L3-4/ L5-6 differences significant at 0.025).
Subcellular and plasma membrane distribution of M2 receptor in TA and Sol MNs in intact rats
To examine the subcellular distribution of M2R molecules in perikarya of TA and Sol MNs, we measured M2R IF intensity along the line profiles between the cell center and its circumference, ending at the postsynaptic plasma membrane regions occupied by C-boutons (synaptic regions; S) or at the membrane regions devoid of C-boutons (extra-synaptic regions; ES) (example shown for TA MN in Fig. 3e and f; for another TA and Sol MNs see Figures S1 and S2 ). These measurements revealed the presence of variable groupings of M2R deposits in the cytoplasm, ranging from low (perinuclear region), to moderate or high IF signal intensity. The mean IF signal intensity reflecting M2R abundance in the plasma membrane region was over 2.5 times higher than in the cytoplasm. In the TA MNs the abundance of M2R measured in the cytoplasm (3063 AE 381, gray scale values; mean AE SD) tended to be higher than in Sol MNs (2323 AE 377). M2R IF signal within the TA MN plasma membrane was detected in both the synaptic and extrasynaptic regions (Fig. 3 e,f) , resembling a distribution pattern previously shown for Sol MNs (Hellstrom et al. 2003) . These results suggest that the M2 receptors located on both groups of MNs may respond to fast (synaptic) and slower (diffuse cholinergic) signaling. Systematic quantitative analysis of the raw plasma membrane M2R signal density and calculated median values revealed a tendency to higher values in TA than Sol MNs in control groups and to increase after spinalization (Fig. 6) .
Whether a synaptic component prevails in TA MNs and is more abundant in this population than in Sol MNs required further analysis. Thus, we posed a question regarding the abundance of M2 receptor molecules present in the S versus ES regions of TA and Sol MNs. Two-way ANOVA revealed significant differences between Animal Groups and MN type (F (2,34) = 6.92, p = 0.003). S/ES ratios in TA MNs ranged from 0.5 to 1.3 (0.94 AE 0.04; mean AE SD; Fig. 7a and g ), and in Sol MNs they ranged from 0.3 to 1.0 (0.78 AE 0.09; mean AE SD; Fig. 7b and g ). This result indicates that the populations of MNs innervating TA and Sol muscles are diversified with respect to M2R cytoplasmic and plasma membrane accumulation in synaptic regions, with a large fraction of TA MNs (41%) and no Sol MNs demonstrating predominant synaptic component (S/ES > 1).
The effect of complete spinal cord transection and locomotor training on M2R distribution in the plasma membrane region Complete transection of the spinal cord led to an increase in synaptic contribution of M2R as compared to extra-synaptic M2R density in TA MNs at 6 weeks post-injury. We found up to two-fold synaptic shift of M2R in TA MN plasma membrane as compared to controls (Tukey HSD post hoc test; p < 0.002) (Fig. 7g) . Training modified this response, causing a decrease in M2R plasma membrane signal (Fig. 6 ) and S/ES ratios (Fig. 7g) To analyze further the susceptibility of the populations of TA and Sol MNs to spinalization and locomotor training with respect to M2R redistribution, we compared neurons non-responding ( Fig. 7c-e ; subpopulation A; S/ES ratios remaining in the control range) and those responding to the treatment to different extent (subpopulations B and C; S/ES ratios outside the control range). Subpopulation C was distinguished arbitrarily, presenting values above those in B, found in both MN groups.
This analysis showed that after spinalization 52% of TA MNs, but only 25% of Sol MNs, demonstrated S/ES above control levels ( Fig. 7c-d, see pie charts) . In TA MN group, B and C subpopulations could be distinguished, each constituting 26% of the total number of MNs under analysis. In trained rats subpopulation C disappeared, while subpopulation A was increased by 26%. In Sol MN group, spinalization led to appearance of subpopulation B only, which constituted 25% of MNs and was further increased by 13% by the training (Fig. 7e-f) .
Spinalization increases the level of M2R in the cytoplasm of TA MNs and locomotor training tends to counteract this effect In the final step of our analysis we aimed to examine whether the detected changes of M2R distribution in the plasma membrane region were related to the changes in the cytoplasm. Two-way ANOVA revealed significant differences between Animal Groups and MN type (F (2,26) = 5.01, p = 0.013). Spinalization led to the increase of M2R abundance in the cytoplasm in TA MNs (HSD Tukey post hoc test; p = 0.001), but not in Sol MNs (Fig. 7h) . Interestingly, in subpopulation A, which did not respond with changes of M2R distribution in plasma membrane (shown in Fig. 7c, a pie chart) , a moderate increase in M2R in the cytoplasm of TA MNs to 158% was detected; in B and C subpopulations the increase amounted to 173% and 236%, respectively (not shown).
Together, these results indicate that whereas transcription of M2R gene in neurons of the lumbar network is impaired early after SCT, it is followed by mobilization of M2R protein synthesis, which is stimulated differentially in Fig. 6 Quantitative analysis of muscarinic receptor subtype 2 IF raw signal in the plasma membrane region in TA and Sol a-motoneurons (MNs) in the intact (control), spinal (Sp) and spinal, trained (SpLoc) rats. Bars present data from control group: 41 TA MNs (n = 5 rats), 24 Sol MNs (n = 4 rats); Sp group: 57 TA MNs (n = 8 rats), 36 Sol MNs (n = 8 rats); SpLoc group: 42 TA MNs (n = 7 rats), 58 Sol MNs (n = 8 rats). Note that class C appeared only in TA MNs after spinalization. Pie charts illustrate the percentage of MNs within the distinguished subpopulations. G presents M2R density in the plasma membrane and H presents data for the cytoplasm (means AE SD). Bars present data from control group: 41 TA MNs (n = 5 rats), 24 Sol MNs (n = 4 rats); Sp group: 57 TA MNs (n = 8 rats), 36 Sol MNs (n = 8 rats); SpLoc group: 42 TA MNs (n = 7 rats), 58 Sol MNs (n = 8 rats). Two-way ANOVA and HSD Tukey post hoc test; *p < 0.05, **p < 0.01, ***p < 0.005. functionally distinct motoneurons. A revealed increase in M2R availability in the plasma membrane region, stimulated only in a fraction of MNs and diversifying responses of TA and Sol MNs to spinalization, is in line with differences shown in receptor binding between lumbar segments where TA and Sol MNs are located. Normalizing effect of locomotor training on M2R levels in TA but not on Sol MNs suggests that mechanisms underlying postsynaptic regulation of M2R levels are not directly dependent on the number of preserved inputs.
Discussion
Impairment of excitatory cholinergic input to the ankle extensor (Sol) but not to flexor (TA) a-motoneurons observed 6 weeks after SCT (Skup et al. 2012 ) prompted us to ask about postsynaptic consequences of these differentiated responses to the injury. Six weeks after spinal cord transection the population of cholinergic terminals abutting on Sol MNs was reduced by 50%, but it did not differ from controls in TA MNs (Skup et al. 2012) . One of the important factors, which could determine different responses of Sol and TA MN pools to SCT was functional change in Sol compared to TA muscles after spinalization. In paraplegic animals Sol muscle was subjected to long-lasting unloading when the animals dragged their hindlimbs on the dorsum of the paw whereas the TA muscle was subjected to frequent stretches when the animal moved in home cage. Unloading of Sol muscles in paraplegic animals limits the proprioceptive input not only to Sol MNs but also, among others, to V0c interneurons (Gajewska-Wozniak et al. 2016) , which are the only source of cholinergic input to MNs (Zagoraiou et al. 2009 ). Therefore, the long-lasting unloading of Sol muscles might also differentiate the ACh availability of Sol and TA MN pools. Considering that in intact animals the daily duty time of Sol muscle is approximately three times longer than that of TA (Hensbergen and Kernell 1997) , the effects of unloading on Sol muscle and MNs might be potentiated (Skup et al. 2012) , thus the presynaptic cholinergic deficit in Sol MNs might be more pronounced than in TA MNs.
Development of the hyper-cholinergic state in paraplegic animals (Jordan et al. 2014) suggests that presynaptic deficits are accompanied by up-regulation of postsynaptic components of cholinergic signaling. If postsynaptic adaptation of M2 receptors to these deficits develops (Bernard et al. 1998 Decossas et al. 2003) , it may also be more pronounced in Sol MNs than TA MNs.
All these observations allowed us to assume that in the long time span after SCT the postsynaptic changes in M2R will compensate to different extent for the presynaptic ones in these two MN pools. Indeed, the ligand binding properties of muscarinic cholinergic receptors in the lumbar network tested during the second and fifth weeks post-transection did not change in the L3-L4 segments where the ankle flexor MNs are located. However, they progressively decreased in time after SCT in the L5-L6 segments, where the ankle extensor MNs are predominantly located. The attenuated binding was preceded by early decrease in the Chrm2 transcripts at 2 weeks after SCT. Thus, contrary to our assumption, ligand binding to muscarinic receptors did not increase in the L5-6 segments. This result suggests that Sol MNs are impaired in function to the extent which compromises compensation for loss of ACh inputs with increased receptor binding. Because QNB binding assay does not measure binding selectively to M2R but to all mAChR subtypes, therefore, despite M2Rs are the major mAChR species in the ventral horn motor nuclei, we cannot exclude contributions of other mAChR species to this response. Previous studies on ACh binding to muscarinic receptors in the lumbar spinal cord, performed at acute postoperative period after SCT, brought conflicting results with a tendency to increase (Kayaalp and Neff 1980) or decrease binding (Charlton et al. 1981) . However, none of these studies discriminated between the effects of presynaptic and postsynaptic components of binding. Presynaptic inhibitory feedback mechanisms of cholinergic neurons, which produce M2R desensitization to increased ACh neurotransmission after brain injury are well documented (Ciallella et al. 1998; Shao et al. 1999) , but the mechanisms of postsynaptic M2 regulation, mobilized in response to decreased ACh neurotransmission, are not known. Our studies reveal both the temporal and spatial differentiation of the ligand binding in the lumbar segments of the spinal cord. Manifestations of the hyper-cholinergic state described after SCT (Jordan et al. 2014) prompted us to search for its molecular underpinnings.
Complex changes were observed in the distribution of M2 receptors detected along the surface of the plasma membrane of Sol and TA perikarya and their proximal dendrites, as well as in the cytoplasm of these two pools of MNs, both after SCT and after the locomotor training following SCT. The physiological meaning of an interplay between the synaptic and extrasynaptic, as well as cytoplasmic pool of M2 receptors is discussed below.
Distribution of M2 receptors in motoneurons under physiological conditions
We showed for the first time that in the spinal cord of the intact rat M2 receptors in TA MNs, identified with IF and analyzed using confocal microscopy, are distributed predominantly and continuously along the surface of the plasma membrane of the cell perikarya and proximal dendrites. M2R IF distribution in TA MNs resembles that of M2R on Sol MNs, described by Hellstrom and collaborators (Hellstrom et al. 2003) . It has to be stressed that with our approach M2R signal detected in the plasma membrane region consists of the membrane and submembrane components; however the membrane component predominates (see Fig. 3 and Figures S1 and S2 ). In our hands both populations of MNs were different with respect to M2R plasmalemma accumulations, with a large fraction of TA MNs and no Sol MNs demonstrating enrichment of M2R in regions of cholinergic synapses (S/ES > 1; Fig. 7 ), but both were furnished with extrasynaptic M2 receptors (i.e., located in membrane regions devoid of cholinergic inputs). This observation points to contribution of extrasynaptic ACh signaling to function of the ankle flexor and extensor MNs, consistent with diffused transmission (Agnati et al. 2010; Vizi et al. 2010; Picciotto et al. 2012; Kimura et al. 2014) . Physiological and pathological role of M2 receptors located extrasynaptically on MNs is enigmatic, but functional compartmentalization shown for NMDA receptors (Papouin et al. 2012) provokes questions on implications and advantages provided by anatomical segregation of S and ES M2R pools.
The revealed pattern of M2R distribution in plasma membrane of Sol and TA MNs resembles localization of M2R demonstrated with electron microscopy in brainstem MNs in mice (Csaba et al. 2013) , where M2Rs are concentrated in cholinergic synapses, but that synaptic fraction represents only 10% of surface M2 receptors. That observation agrees with our previous findings showing that in the intact spinal cord VAChT-IF inputs occupy approximately 13% of the total volume of synaptophysin-labeled boutons covering TA and Sol motoneuron perikarya ( Fig. 7 in (Skup et al. 2012) . A recent study by Casanovas and coworkers (Casanovas et al. 2017) in mice showed that M2R are colocalized with VAChT IF in synapses, but are also present in neighboring sites devoid of VAChT staining (see Fig. 3b and c in that paper). Interestingly, 9% of plasma membrane M2R were shown at glutamatergic (Glu) synapses (Csaba et al. 2013) ; that localization may imply cholinergic regulation of glutamatergic signaling and of excitatory properties of MNs. All these investigations support the possibility that M2Rs signals not only through cholinergic synapses on MNs. Regulation of the abundance and availability of M2Rs in these membrane regions may contribute to postsynaptic mechanisms of unique importance for the recovery of sufficient output generated by MNs to drive motor behavior.
Our study also shows that M2R cytoplasmic abundance in TA MNs tends to be higher than in Sol MNs. Subcellular distribution of M2R IF was uneven, being in line with the M2R subcellular localization characterized with the use of electron microscopy in neurons of the supraspinal structures (Decossas et al. 2003) . Cytoplasmic 'hot spots' of M2R IF, shown in our material (Fig. 3) , reflect sites of M2R accumulations, identified in Golgi apparatus, endoplasmic reticulum, endosomal vesicles, lysosomes, and multivesicular bodies (Bernard et al. 1998 Decossas et al. 2003) . Thus our data, together with those of others, document common subcellular distribution of M2R in cholinoceptive neurons, and indicate that TA MNs express more M2R than Sol MNs.
Membrane concentration of M2R depends on ACh availability: a common regulatory mechanism also present in spinal MNs? In the brain, an abundance of the plasma membrane M2Rs is regulated by ACh level (Bernard et al. 1998; Decossas et al. 2003) . We hypothesized that this mechanism, if operational in the spinal MNs, may enrich postsynaptic membrane in M2Rs in response to spinalization, to compensate for presynaptic cholinergic deficits. We hypothesized also that if ACh availability to Sol MNs is less than that of TA MN, it might induce differentiated responses of M2R in each of these MN pools. Indeed, quantitative analysis of the raw plasma membrane M2R signal density revealed a tendency to increase after spinalization in both groups of MNs, but the difference between them was elusive.
The M2 receptors were initially reported to be distributed in intact animals along the whole surface of the plasma membrane of hindlimb MNs (Welton et al. 1999) , but a later study on Sol MNs demonstrated M2R enrichment beneath Cboutons, seen as M2R clusters (Hellstrom et al. 2003) . A study on age-related changes in cholinergic synapses in the lumbar spinal cord MNs in mice showed that parallel to morphological enlargement of C-boutons during development, there was a clustering process of M2R in the postsynaptic plasma membrane facing C-boutons. When maturation was achieved, the clustered M2R under synaptic contacts underwent dispersion (Milan et al. 2015) . These investigations point to the dynamics of M2R in plasma membrane, dependent on input maturity and a map of synaptic inputs.
Our confocal analysis revealed that the synaptic component of M2Rs IF signal in the plasma membrane region is clearly increased after SCT in both groups of MNs, indicating M2R reorganization; surprisingly, the phenomenon was more prevalent in TA MN pool, which did not show a reduced number of inputs. Muscarinic receptors belong to the family of metabotropic receptors, the structure of which does not predispose them to fast lateral movement, which has been proven for AMPA and NMDA receptors (Groc et al. 2004; Ashby et al. 2006; Choquet 2010; Heine et al. 2011; Nenasheva et al. 2013) . Once in the plasma membrane, AMPA receptors exchange between extrasynaptic and synaptic locations with a rather rapid turnover. While the available data on the mechanisms and kinetics of plasma membrane movements of M2 receptors derive from non-neuronal cells and ex vivo slices only, they show that M2Rs diffuse freely at the plasma membrane in heart slices (Nenasheva et al. 2013) . Based on our observations we postulate that directional cues and in-out translocation are operational also in MNs. Depending on the efficiency of ACh release and availability, they lead to a new balance of M2Rs within synaptic and extrasynaptic membrane domains, characterized by increased S/ES ratios observed in our study.
In paraplegic animals, opposite to our expectations, a shift of extrasynaptic to synaptic M2R was stronger in TA MNs than Sol MNs. We suppose that a weak response of Sol MNs is because of the functional state of Sol muscles innervated by them. In consequence, the imbalance in presynaptic input deficits between groups of flexor and extensor MNs, potentiated by imbalance in their postsynaptic adaptation, may result in a differential effect on electrophysiological parameters of MNs, affecting their AHP and triggering episodes of clonic movements, observed by us in chronic spinal rats. Because the postsynaptic structure of cholinergic synapses consists of clusters of M2 receptors interdigitated with small conductance calcium-activated potassium channels (SK2/SK3) and voltage-gated potassium Kv2.1 channels (Muennich and Fyffe 2004; Deardorff et al. 2013 ) which contribute to modulation of MN excitability, their anatomy and behavior in synapses enriched in M2R clusters need to be examined in paraplegic animals (Miles et al. 2007; Zagoraiou et al. 2009 ).
Increased excitability of MNs following the activation of M2Rs (Lape and Nistri 2000; Miles et al. 2007 ) might alter signaling from M2Rs located at glutamatergic synapses (Csaba et al. 2013) . Therefore, a loss of the number of glutamatergic VGluT1 inputs on TA and Sol MNs (our results, Gajewska-Wo zniak et al., in preparation), may also influence reorganization and properties of glutamatergic receptors, their interactions with M2R receptors and net signaling.
Long-lasting unloading of Sol muscle, which is composed of predominantly slow-contracting muscle fibers (type I myosin heavy chain -MHC), induces changes in its fiber composition by reducing the number of MHC and increasing expression of fast-contracting, type II MHC isoforms (Grossman et al. 1998; McCall et al. 2009 ). These changes are in line with a switch of M2R receptors increasing their synaptic versus extra-synaptic distribution in spinal rats. Locomotor training of spinal rats caused further enrichment of M2R receptors on Sol MNs and normalized the distribution of M2R receptors on TA MNs. These results suggest that treadmill training of spinal animals, which temporarily activated direct proprioceptive input to Sol MNs and increased proprioceptive input to V0c interneurons supplying Sol MNs, could increase the availability of ACh in Sol MNs and stimulate Sol MNs to compensatory responses, which are impaired in non-trained animals. On the other hand, partly restored direct proprioceptive input to Sol MNs could activate a reciprocal inhibitory loop to their antagonists, resulting in normalization of M2R receptors in TA MNs.
In conclusion, in the intact spinal cord, a comparable pattern of M2 receptor distribution along the surface of the plasma membrane shown for TA MNs and Sol MNs indicate that both MN pools can respond to synaptic and extra-synaptic cholinergic signaling, with preferential contribution of synaptic transmission, mediating fast responses, in TA MNs.
We interpret much stronger synaptic enrichment of M2R in TA than Sol MNs after SCT as a compensation of reduced strength of cholinergic signaling; a response of M2R is developed to higher extent in TA MNs, less dysfunctional than Sol MNs. The difference between TA and Sol MNs in the degree of M2R synaptic enrichment, not proportional to the loss of cholinergic inputs on them, suggests also that it is the efficacy of the remaining inputs, rather than their number, that plays a major regulatory role in M2 shift observed within MN membranous compartment.
A tendency to normalization of M2R synaptic level with respect to extrasynaptic level and to a decrease in cytoplasmic M2R abundance after locomotor training in TA MNs may be related to contribution of signaling through surplus of TA MNs inputs, showed by us previously (Skup et al. 2012) . This normalization in M2R supposedly contributes to reduced clonic episodes after the training.
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Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Sampling of M2R/VAChT IF signals in the cytoplasm and plasma membrane region of the C-bouton synapse 1 (E), 2 (F) and of the region beyond the C-bouton synapse (G) in TA MN of control rat (CTR3). Figure S2 . Sampling of M2R/VAChT IF signals in the cytoplasm and plasma membrane region of the C-bouton synapse 1 (E), 2 (F) and of the region beyond the C-bouton synapse (G) in Sol MN of control rat (CTR4).
